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We study and experimentally implement a double slit quantum eraser in the presence of a con- 
trolled decoherence mechanism. A two-photon state, produced in a spontaneous parametric down- 
conversion process, is prepared in a maximally entangled polarization state. A birefringent double 
slit is illuminated by one of the down-converted photons, and it acts as a single-photon two-qubits 
controlled-NOT gate that couples the polarization with the transversal momentum of these pho- 
tons. The other photon, which acts as a which-path marker, is sent through a Mach-Zehnder-like 
£\J , interferometer. When the interferometer is partially unbalanced, it behaves as a controlled source 

of decoherence for polarization states of down-converted photons. We show the transition from 
wavelike to particle-like behavior of the signal photons crossing the double slit as a function of the 
decoherence parameter, which depends on the length path difference at the interferometer. 
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Qh! I. INTRODUCTION 

+-> 

The complementary behavior of physical systems is at the heart of its quantum description. In brief, the prin- 
ciple of complementarity states that matter can exhibit physical properties that cannot be observed with certainty 
q-i simultaneously for instance, particle-like and wavelike behaviors. The observation of particle-like and wavelike 
behavior in the well-known Young double slit experiment is a good example of the principle of complementarity. 
When the trajectory of the photons is recorded, the interference pattern disappears. On the other hand, when the 
trajectory followed by the photon is completely unknown, the interference pattern arises. For explaining this behavior, 
in a gedanken experiment, Einstein introduced the classical recoiling of the slit in his discussion with Bohr. In this 
, thought experiment, the momentum transferred by the photons passing through a slit free to move transversally is 
C*~) ■ recorded, and the interference should still be observed in the far field. However, Bohr refuted Einstein's experiment 
by using the uncertainty principle. For this, Bohr pointed out that for deducing through which slit the photon pass, 
y—( i the initial momentum of a free to move slit must be know within a momentum uncertainly that impose a position 
t-H ' uncertainty that wash out the interference pattern. The notion of complementarity of some properties of physical 
ON . systems remains valid [2| . This type of complementarity is related to the preparation of the state preparation of the 
system. 

The introduction of entanglement between the quantum system and a probe allows for the possibility of transferring 
system's information to a probe by choosing what measurement is being performed on the probe. In this context, 
the complementary behavior of the quantum system appears due to the entanglement between the interfering particle 
and the which-path marker particle [H . Scully and Driill have studied the role of entanglement in a modified double 
slit experiment based on the photon emission of two atoms closely located Q. They show that in some cases the 
loss of contrast in the interference pattern seems to be caused by the entanglement between the quantum system 
and the measurement device. The information of the markers can be deleted by properly selecting the measurement 
bases, i.e., the which-path information (WPI) can be erased from which-path markers (WPM) and the interference 
pattern is recovered. This erasure procedure is referred to as quantum eraser 0-0] ■ In this sense, the state of the 
measurement device can be used as which-path marker. Then, when these states are orthogonal, the interference 
pattern is destroyed, even if they are not measured [1, H|. The wave-particle duality may be quantified by relating 
interference fringe visibility and path knowledge as studied in Ref. [10(. They have investigated this relation for 
states with different degree of purity. The WPI of a quantum system, of an entangled pair, can be marked or erased 
by its entangled twin even after the registration of the quantum [ll|. This type of complementarity is associated to 
the measurement of noncompatible observables and is related to the Arthurs and Kelly uncertainty principle [l2| . A 
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further discussion on the types of complementarity and the associated uncertainty product limit can be found in Refs. 
[H and pjj. 

Several quantum eraser experiments have been done by emp lo y ing; two-photons states produced from the sponta- 
neous parametric down-conversion (SPDC) process [lOL Ull [T4T - [l8j . Here, we have used the photonic quan tum eraser 
experiment introduced by Walborn et al [18[ . A related experiment has been reported by Pysher et al [19( , where the 
bircfringent element is a Mach-Zehnder interferometer in the path of the signal photon. Another related experiment 
has been reported by Gogo et al [20] for comparing classical and quantum correlations by studying a quantum eraser 
based on a polarization interferometer. 

In this article, we study how the purity of the entangled two-photon state in the double slit quantum eraser affects the 
wavelike and particle-like properties of the signal photons. In the experiment, down-converted photons are generated 
in a maximally entangled polarization state. Then the signal photon is sent through a birefringent double slit mask, 
which acts as a single-photon two-qubits controlled-NOT gate that couples the polarization of the down-converted 
photons with the transversal momentum of the signal photons transmitted trough this aperture. This coupling allows 
the usage of the idler polarization states as a which-path marker. Thereby, selecting the orientation of a polarizer in 
the path of the idler photon of the entangled pair, the interference pattern can be erased or recovered. The control of 
the decoherence of the entangled pair is experimentally implemented by inserting an unbalanced Mach-Zehnder-like 
interferometer (MZI) along the propagation path of the idler photon, which acts on the WPI particle as an amplitude 
decay channel [2l|. The experimental setup is also suitable for studying the entanglement dynamics (22[. Recently, 
we have implemented a erasure experiment in the context of state discrimination with partially entangled two-photon 
polarization states. In this case, the which-path marker states are not necessarily orthogonal. Hence, the visibility 
of the interference pattern as well as the WPI are constrained by the overlap between the which-path marker states 
[23| . By a probabilistic mapping of nonorthogonal states onto orthogonal ones, a complete WPI is obtained. However, 
when the mapping is onto collinear states interference with maximum visibility is recovered. 

The remainder of this article has been organized as follows: In Sec. [IT] we derive the expressions for describing the 
effects introduced by a controlled decoherence mechanism on the which-path marker states. In particular, we study 
how the decoherence process affects the visibility in the quantum eraser. In Sec. IIIII we describe the experimental 
setup and the obtained results. Finally, we conclude with a summary of the main results in Sec. IIVI 



II. THEORETICAL DESCRIPTION 

In this section we study the presence of a decoherence mechanism of a quantum erasure experiment in Ref. [l&] . For 
sake of completeness and for an easy reading, we give a brief summary of the above mentioned reference. Thereafter, 
we study the use of a dynamically stabilized MZI, inserted along the propagation path of a single-photon field, as a 
source of controlled decoherence, where the degree of decoherence depends on the path length difference between the 
arms of the interferometer. Finally, we combine these results for studying the effect of a decoherence mechanism on 
a quantum erasure setup. 



A. Quantum eraser protocol 

We assume that a two-photon state in a maximally entangled polarization state is generated in a SPDC process, 
as it is depicted in Fig. HJa). The two-photon state is given by 24] 



|V>i„> = (\HiV a ) + i \ViH s )) ® l^spa) , (1) 

where \Hj) (\Vj)) represents one photon in the j-th propagation mode with horizontal (vertical) polarization, with 
j = s,i for signal and idler photons, respectively. The relative phase it/2 between the polarization components is 
generated due to the walk-off effect on the nonlinear crystals. The propagation modes of down-converted photons 
depend both on the pump beam spatial distribution and on the phase matching conditions [25l - |27| . These modes are 
correlated and |^ S pa) denotes the transversal spatial correlation of the two-photon state generated in SPDC. 

The signal photon is passed through a vertically oriented double slit system. This double slit system can be 
interpreted as a filtering operation over the transversal momentum of signal photon. Neglecting a normalization 
constant, the filtered state, after the double slit, is given by 



oc (\H t V s ) + i \ViH.)) ® |0,> (|+.) + I-,)) , 



(2) 
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FIG. 1: (Color online) Schematic representation of the experimental setup, a) The source of maximally entangled polarization 
state, Eq. {1}, where the half- wave plate (HWP) and quarter- wave plate (QWP) allow for controlled generation of the state. 
A biconvex lens has been inserted to produce a large transversal coherence section for single-photons at the slit's plane located 
at za- (b) Alignment of the QWP's behind the double slit mask, (c) WPI section according the the protocol of Ref. [18]. The 
QW Pi and QWP2 are placed behind the double slit mask with the optical axis orthogonal between them. A final QWP is 
placed in the propagation path after the slits to change the polarization from {L, R} to {H, V}. (d) The controlled decoherence 
mechanism. The idler photon pass through the actively stabilized MZI, where phase shifters (PSi and PS2) provide the control 
over the path-length difference between the two arms of the interferometer. Finally, (e) detection system. The detectors are 
equipped with bandpass filters centered at A = 702 nm with 10 nm at FWHM. Additionally, the signal detector is equipped 
with a single slit that enables the scan in the x direction. In front of the idler detector, a linear polarizer determines the 
polarization basis for measurement. 



where |0,-) is the spatial mode of idler photon defined by pinholes along its propagation path; |± s ) stands for the 
upper (+) and lower (— ) slit's states. The |± s ) states are defined by 

|±.) =J^J°° dq s e^smc (q s a) |l qs ). (3) 

These states form an orthonormal basis for the Hilbert space of transmitted photons [HI, H^]- Here, a is the half 
width of the slits, d is the separation between the center of the slits, q s is the signal photon transversal momentum, 
and the sine function is the Fourier transform of the transmission function of the slits. A conditional operation 
can be performed over the polarization state of the signal photon, depending on the propagation path. For doing 
this quarter- wave plates (QWPs), with the optical axis perpendicularly oriented, after the upper and lower slits are 
inserted [see Fig. [He)]. The compound system, double slit and QWPs, acts as a single-photon birefringent double 
slit mask. The modified state is 

life) cx \Ht)[\Rt) \L~)] + \V?)[\L+) + \RJ)] (4) 

where we have used the following definitions \Rf) = \R S ) ® |± a ); \Lf) = \L S ) eg) |± s ); l-ff?) = \Hi) eg \0i) and 
I Vf) = \Vi) ® |0<), with \R) = (\H) - i \V))/y/2 and \L) = (\H) + i \V))/V2. We can rewrite state Q as 

\i> 2 ) cx \Lf) [\P+)-i \P-)] +i \R°) [\M+)+i \M S )] (5) 

with \P) = (\H) + \V))/y/2 and \M) = (\H) - \V))/V2. 

From the above equations it is clear that by projecting idler photon onto the (\Ri)) state, interference fringes 
(antifringes) can be observed for the signal photon. In case of projecting onto {\H}, \ V)} states there is no interference, 
i.e., it is possible to determine the path followed by the photons. 
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Because of the presence of the half- wave plate (HWP) oriented at 8 = tt/8 in the path of the idler photon before 
the MZI, the two-photon state is modified to 

\1%) = \Mf)[\R+)-\Lj)] \p9)[\L+) + \Rj)] , (6) 
= \l$)[\P+)-i\P?)]-\l$)[\M+)+i\Mj)] (7) 

From Eqs. ([5]) and (J7J, it can be seen that by projecting idler photon onto the |Lj) {\Ri)) state, interference fringes 
(antifringes) are recovered. Now, in case of projecting onto {|Pj), bases there is no interference. 

We remark that, due to the mechanism used for implementing the which-path marking (birefringent double slit), 
the spatial interference depends on the measurement polarization basis of both the signal photon and idler photon; 
see for instance Eqs. flU to (J7J. However, as is pointed out by Kwiat et al in Ref. @, it is pedagogically preferable 
that the which-path information be carried separately from the interfering particle. To satisfy this condition we must 
make a further projection of the signal polarization right after its transmission through the birefringent double slit 
[23l | . Alternatively, we can choose to perform polarization measurement at idler basis in which the polarization of 
signal photon factorizes, as occurs in Eqs. © and (J7J. 

B. Controlled decoherence mechanism 

We assume a description for single-photons which take into account the frequency, propagation path and polarization 
degrees of freedom. In this case, we consider an initial propagation path |0j) state and a superposition state of 
horizontal and vertical polarizations, denoted by \Hi) and \Vi), respectively. We assume here that generation of 
single-photon states is experimentally implemented by using two-photon polarization states in the degenerate case of 
spontaneous parametric down-conversion in a factorized state, namely we consider single-photon states and heralded 
detection. For this purpose, narrow-band Gaussian interference filters are inserted along the propagation path of 
down-converted photons, with a center frequency ui c at the half of the frequency of the pump beam, i.e., uj c = to p /2. 
At the experiment this is done by inserting the interference filters in front of the detectors. Under these assumptions, 
the initial state of idler photons is 

\<Pin) = J dWj0(«j) ® (c h |if?) + c |Vf» , (8) 

where Ch and c v satisfy \ch\ 2 + \c v \ 2 = 1 and 4>{oj) describes the spectral distribution of the photons, due to the 
presence of the interference filter, i.e., 4>(uj) oc exp[— (ui — ui p /2) 2 /2(Aoj) 2 ]. 

Inserting a MZI along the propagation path of the idler photons, with polarizing beam splitter (PBS) at both 
the entrance and the output of the interferometer, we implement conditional operations over the photons according 
to their polarizations. This is depicted in Fig. [TJi. We have recently used a MZI for studying the unambiguous 
modification of nonorthogonal quantum states [30] - The use of interferometers as controlled source of decoherence 
in entangled photons from SPDC has been reported [3l|. In this reference, Sagnac-like interferometers were used for 
implementing amplitude decay channels on single photons, for studying sudden death of entanglement induced by the 
environment. 

In our case, we introduce different propagation lengths at the arms of the interferometer, which are denoted by L a 
and Lf,. The postselected state at one of the outputs of the interferometer, neglecting a global phase, is given by 

|¥>out) = J duiftui) (c h - c„e^ |V?)) \lui) (9) 

where Si = Lb — L a is the optical path difference between the propagation paths. 

We assume that around the center frequency of the interference filters the response of the detectors is uniform. 
Hence, the state of the photon is obtained by tracing over the frequency domain. The reduced polarization density 
operator is given by 

Pi.pol = Tr u (l^out) (Vout|) 

= cl\H«)(H»\+cl\V»){V?\ 

( 7 c h <Z\H?)(V?\+<fctc v \V?)(H°\), (10) 

where 7 = exp S ' — * ii if L ) ■ Hence, the MZI for photon polarization behaves as an amplitude decay channel. 

The coherence length of the photons l c and the frequency bandwidth Aw are related by Au> — 2ttc/I c — 2ttcAX/ X 2 . 
With this, 7 can be expressed as a function of the dimensionless parameters s\ and £/, 

7 = exp (-27r 2 e 2 x e 2 j - 2i7re 7 ), (11) 
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where the dimensionless parameters are defined by e\ — AA/A and ei — Sj/X. 

The purity V = Tr (^pf po \j of the polarization density operator is a function of the e parameters. The purity can 
be written as 

V = 1 - 2(c h c v ) 2 (l - | 7 | 2 ) . (12) 

From this expression we can clearly see that in case of a balanced interferometer, \j\ = 1, a pure state is recovered, 
i.e., Tr (p 2 ) = 1. On the other hand, in case of an unbalanced interferometer, I7I < 1, a mixed state is obtained. The 
state is completely incoherent when Tr (p 2 ) = 0.5. This occurs when Ch — c v — and I7I — > 0. When we consider 
AA = 10 nm and A = 702.2 nm, which is a typical configuration for the down-converted photons used in the SPDC 
experiments, then I7I — > when £/ sa 30. 



C. Field propagation 



Here, we include a derivation of signal photon propagation from the double slit located at the za plane up to the 
detector z plane, as it is depicted in Fig. [TJ At the latter plane a single slit located at a transversal x position is 
placed in front of the detector D s , the width of this slit is denoted by 2b. We follow the derivation described in Refs. 

mum. 

We assume that the initial spatial state of the signal photon is given by 

\V s }=W+\+ s ) + W-\- s ), (13) 

with IPF+I 2 + IW-I 2 = 1 and the slits' states given by Eq. ([3]). Hence, the field after the double slit at the z plane is 
given by the spatial distribution, represented by the function F(q s ) [331 ] . The state at this plane is then 

l**> = J dq s F(q s ) \lq s ) , (14) 

F(q s ) = e- tq * a shic (q s a) (W+e- tq ° d + W-e lq ° d ), (15) 

where a = (z — ZA)j2k s and k s is the transversal momentum of the signal photon. The first exponential in the above 
expression is the phase acquired due to the field propagation, the second one is due to the slits' positions, which are 
located at transversal positions ±c?, and the sine function is the Fourier transform of the transmission function of 
the slits, assumed to be a constant transmission of width 2a. The slit in front of the detector at the z plane can be 
described as a step function with constant transmission centered at transversal position x with a width of 2b. Thus, 
the transmitted signal state can be written as: 

|tfr) oc W+smc ( ^"J^ ) \F-{x)) 

+ W. S ino(^±^y^\F + ( X )), (16) 

with 

\F+(x)\=il , 

7T J \ 2a 

The state of Eq. (|16j) can be further approximated by considering the values of the experimental parameters 
bd/2a ~ ad/2a ~ 10~ 3 . Then, disregarding a global phase, the state at the detection plane is given by 



\F±(x))=J± fae-^wf {X * d) b + q s b ) |lg.) . (17) 



|* T )oc(M/ + e- l ^+lF_e l ^) i inc(^)|F(a;)), (18) 

where S x — 2xd/ (z — za) and 

\F(x)) = / dfec-^-sinc + q s b] |lfe) . (19) 



7T ./ V 2a 
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D. Decoherence effects in the double slit quantum eraser 



Here, we use all the results of above subsections for studying the decoherence effects on the double slit quantum 
erasure experiment with two-photon states. The full two-photon state after crossing the birefringent double slit mask 
is given by: 



\2a) 

JU-e— !/:;:■ ) (\rr/ : + < — - ir, 



) x 

(|fi?> [\Rf) \LJ)] + \V?) [\Lt) + \R7)]) ■ (20) 

The spectral distribution of down-converted photons (&(uj,lu p — uj) satisfies the phase matching conditions, i.e., in 
this case the energy conservation (lj s = to — tOi). Now, the idler photon is sent through a HWP oriented at ir/8 and 
afterwards through the MZI (as described in subsection IIIBI) . Finally the idler photon arrives at the detector Di. 
On the other hand, the signal photon propagates from the marked double slit as in secsection III Al up to a single 
slit of width 2b centered at a transverse position x in front of the detector D s at the z plane. If we project spatial 
components onto |0j) <8> \F s (x)), the final state is given by: 

|* 2 )cx sine (|^) / du<f>(u) 2 |lo,,l Wp - w ) 

(I " 

- (\L S ) + e"^ \R S )) (\Hi) %))] , (21) 

where we have assumed that the $ (cjj, uj s ) spectral function slowly varies in a frequency window of width 2Acj around 
Wp/2. Identical Gaussian interference filters are placed in front of the detectors. The spectral transmission of these 
filters is described by the </>(w) distribution, and produces projective measurements over the whole state. These filters 
are centered around half of the pump frequency with a width Aw. Besides, w s = w, u>i — lo p — lu; Si is the path 
difference along the MZI for the idler photon; S x is the transverse path difference for propagation of the signal photon 
transmitted through the double slit up to the detector. 

Until now, the state (pH) is a pure state. Then the corresponding density operator is given by p = (^2 1- If we 
trace over both the polarization of the signal photon and the frequency components, the reduced density operator for 
idler polarization is given by 

Ppoi = l(A_\H i )(H i \ + A + \V i ){V i \) 



where 



\{B\H t ) (^1+5*1^X^1). (22) 



A±=2sinc 2 g) (23) 



£? = sinc 2 



(£)(*-«<-), m 



with £± = — 2-K 2 e\ (e x ± ei) ± 2iir (e x =F ei) and e x — S x /X. In this basis, we can see that coherence terms show an 
explicit dependence on the length difference between the arms of the MZI (5/, while diagonal elements only depend 
on the x transverse position at the z plane. 

The coincidence counts of down-converted photons both when projecting spatial components onto |0j) C3> \F s {x)) 
and when tracing polarization of signal photon and frequency components is given by: 

c \ei) Tr(p P oi | 6i) (0i|), (25) 

where \6i) = cos 6i \Hi) + e lip sin 0i \ Vi), namely, the projection measurement on the which-path marker (idler photon) 
has been performed onto \6i) polarization state. Hence, CW\ is proportional to a linear combination of the coefficients 
A± and B of density operator in Eq. (|22|) . The linear combination depends on the parameters of state \0i) as we will 
see in the following cases at the measurement procedure subsection. 



E. Measurement procedure 



In this section we study the dependence of the interference of signal photons, by performing projective polarization 
measurements on idler photons when the controlled decoherence mechanism is present. 
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FIG. 2: (Color online) Interference pattern of signal photon at z plane, when idler photon is measured in \P), through normalized 
coincidence counts according to Eq. (|28[). a) Three dimensional representation as a function of x position at z plane and Ei. 
We can see that the maximum visibility of the interference pattern is obtained when ei = 1/4, i.e., V = 1. The other three 
curves show the interference patterns for different values of sr: (b) 0, (c) 1/8, and (d) 1/4. 

1. Measurement in the {\H) ,\V)} polarization basis. 

If we perform a measurement in the {\H) , \ V}} basis of the idler photon, according to Eq. (|22p only a diffraction 
pattern can be observed. This case corresponds to \9i) with 6 = if = Q. For example, if a projective measurement on 
the |-ff) or \V) state of the idler photon is performed, then the spatial probability distribution along the x direction 
at the z plane is given by 

. 2 f xa\ 

C \H)(\v)) oc sine" {—) . (26) 
In this basis, the coincidence count is independent of the optical path difference along the MZI. 

2. Measurement in the {P, M} polarization basis. 

Now, we study the case where the interference pattern is depending on the phase shift due to the length difference 
between the arms of the MZI and the initial phase of the state, when the idler photon is projected onto the \P) and 
\M) polarization states. This case corresponds to \9i) with 9 = ±7r/4 and <p — 0. For this case we will write the 
reduced density operator in terms of the measurement bases {|P) , |M)} and we will find a specific phase in the MZI 
to obtain the respective measurement basis that deletes the information. 
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Rewriting the density operator, Eq. (|22"]) . in the {\P) , \M}} basis, the density matrix is given by 

Ppoi = l(A^ -B-B*+A^) \P t )(P t \ 
+ 1(a^ +B-B* -#>) \Pi){Mi\ 
+ ±(a<--)-B + B*-A<+)) \Mt) (Pi\ 

+ i (A^ +B + B*+ A<+>) \Mi) (M^ . (27) 
Making a projective measurement onto the \P) polarization state, the probability of coincidence detection becomes 

q P> cx sine 2 (£) (2 - ( X+ - X-)) , (28) 

where 

x± = e^Ke^f C0S (2ir(e x Tei)). (29) 

In this case, the projection onto the \M) state has a ir phase when compared to the \P) state. 

From Eqs. (j28|) and (l29l) we can make some important remarks. For example, we can see that the optical path 
difference along the MZI, Si, appears both in the exponential and in the cosine function through the ej. Then, by 
varying this parameter, we can modify both the phase of the interference pattern and the contrast in the interference 
fringes simultaneously. This equation does not allow for a direct definition of a visibility of the interference pattern. 
Hence, we will analyze the results taking some particular cases. 




FIG. 3: (Color online) Spatial distribution of the signal photon at the measurement z plane along the x direction, as a function 
of si = n + j, through normalized coincidence counts according to Eq. I|3ip. (Inset) The spatial distribution as a function of 
Ei for x = 0, this corresponds to the maximum value of interference pattern . We observe that for ej > 35 the interference 
disappears and the result is a diffraction pattern. 



a. (I) Unbalanced interferometer (e/ ^ e x ). 

It can be seen in Eqs. (|29|) and (f29| that for Si >• S x (ej 3> e x ) the exponential functions go to and 
the interference effects disappear. The resulting pattern consists in the diffraction of the double slit with no 
interference. In this case the which-path marker state does not affect at all the double slit interference, so that 
only particle-like behavior can be observed. 

b. (II) Completely balanced interferometer (e/ = 0). 

If we set Si = (ei = 0), then the interferometer is completely balanced and the exponential can be factorized. 
The cosine functions are canceled in this case. Thus, in this case no interference patterns are observed and we 
recover the diffraction of the double slit, as shown in Fig. [2j(b). 
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c. (Ill) Controlled displacements, ej = ^. 

In the case when Ei = j, with n integer, the argument of the cosine functions is the same and we can factorize 
this function. The resulting probability is given by 

C| P) oc sine 2 (£) (l + (_i)« e -2-V A (4+„ 2 /4) ginh {2nn 2 e\e x ) cos (2^)) . (30) 

The experimental parameters for the argument of the sinh function is approximately 2n-K 1 e\e x rj 0.0143tz. We 
can see that, even for n — 10, the contribution of this term is small and we can consider that the diffraction 
pattern is slightly modified but still is the double slit diffraction pattern. Higher values of n could not be relevant 
because the exponential function goes fast to zero as we shall see in the next case. 

d. (IV) Controlled displacements, £/ = n + \. 

If we fix the value of ej = n + j, with n integer, cosine functions can also be factorized, but we have 
cos [2ir ((n + 1/4) ± s x )] = =F sin (2ire x ). From this result we can see that expression (|30|) can be written as 

q P) oc sinc 2 (^)(l- e - 2 ^(^ + " 2 )sin(2^)), (31) 

where we have approximated cosh [2(n + l/4)7r 2 £|£ x ] ~ 1 using the same values of the above studied case. In 
this way, we can see that the maximum of the interference visibility is obtained when the condition ej = n + i 
holds as was shown in Fig. [2]b. Also we can see that the phase of the fringes can be shifted by adjusting 
the value for n. Here, we remark that coincidence counts C\p\ under the condition ei = n + j is equivalent 
to C|£) with sj — n. The additional phase tt/2 arising from the term 1/4 in £/ when measuring in {P, M } 
polarization basis can be seen as a measurement in {L, R} polarization basis. Hence, this case corresponds to 
project polarization of idler photon onto |t9j) state with 9 = 7r/4 and e = tt/2. 

According to the results obtained in cases II and IV, the maximum (minimum) visibility of the interference pattern 
occurs when ej = 1/4 (ej = 0). Then we can vary the value of the dimensionless ej — S/X parameter from to 1/4 
for observing the modification of the visibility of the pattern. This is shown in Fig. [31 

With these results we conclude the theoretical description of the experiment. In the next section we will discuss 
the implementation and the experimental results. 




x (mm) 

FIG. 4: (Color online) Normalized coincidence counts (C.C.) were recorded by scanning the signal detector in the x direction 
at the z plane. The signal photon passes through the double slit array and the QWP's [as shown in Fig. DIb)], while the idler 
photon propagates directly from the crystal to the detector. The maximum of coincidence was 205 counts in 10 s. 
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FIG. 5: (Color online) Normalized coincidence counts (C.C.) of the double slit interference patterns by scanning the signal 
detector in the x direction at the zplane, while the idler photon propagates through the MZI, for different values of ei = n+1/4 
parameter, with n = (a) 7; (b) 11; (c) 15 and (d) 19. These values of si are belong to the case discussed in subsection ITT12. IV. 
The dots (blue) correspond to the experimental results and the solid curve (red) is the theoretical fit given by Eq. (|28[) . The 
maximum of coincidence was 66 counts in 10 s. 



III. EXPERIMENTAL RESULTS 



In the experiment, we use a continuous wave (CW) Ar + ion laser working in a single-frequency mode at 150 mW of 
power. The polarization of the pump laser is controlled by using both a QWP and a HWP. The laser beam pumps two 
1-mm-wide BBO crystals, which are cut for type I generation with their optical axes orthogonal. Thus, the crystals 
produce entangled pairs of photons in the state given by Eq. ([XJ) , where the phase and the amplitude of the state 
are controlled by properly setting the HWP and the QWP shown in Fig. [TJa) [23j | . Before the crystal, along the 
propagation path of the pump beam, a biconvex lens with a focal length of 30 cm is inserted, with the crystals placed 
at the focal plane. This lens produces a large transversal coherence section for single-photons at the slit plane. The 
photons follow the propagation paths shown in Fig. Ufa). 

The signal photon propagates from the BBO crystals to the double slit passing through a HWP oriented at 22.5° 
that changes the polarization states from \H) (\V)) to \P) (|M)). This is required because the QWPs placed right 
after the slits have their optical axes parallel and perpendicular to the slits' direction. Therefore, the QWPs axes and 
the polarizations form 45° among them. The width of each slit is a = 80 /xm and the separation between them is 
d = 250 /im from center to center. The distance between the double slit plane and the detection plane was chosen as 
z — Za — 0.2 m. The detector placed at the propagation path of the signal photon is equipped with a single slit that 
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is 50 /urn wide, neutral filter, and bandpass filter of 10 nm at FWHM centered around 702 nm. This detector scans 
the x direction in order to record the interference pattern. 

The idler photon propagates from the crystal to the MZI passing through a HWP (HWPq in Fig. [IJ oriented 
at 22.5°, with the same change as in the signal photon. The input at the MZI is a polarizing beam splitter, which 
splits horizontal and vertical components of the idler photon. Inside the interferometer, we place a phase shifter that 
enables controlled modification of the path difference between the two arms of the interferometer. In practice, this 
is implemented by thin glass, 1.0 ± 0.01 mm, plates inserted into each arm of the interferometer. The output of the 
interferometer is another PBS, which allows us to recombine the polarization components of the idler photon after 
a conditional phase shift. At the output of the interferometer we place a linear polarizer [POL in Fig. QJe)], which 
performs the projection measurement of the polarization of the idler photon. The quality of the MZI was tested by 
measuring the visibility of the single-photon interference pattern at the interferometer. For this purpose a product 
state was generated and the polarization of the input signal photon was rotated to 22.5° and a linear polarizer rotated 
at an angle of 45° was inserted in front of the detector D 8 \. Interference pattern with visibility of V = 0.94 ±0.02 was 
recorded by modifying the length of one of the interferometer's arm. This curve was obtained detecting in coincidence 
twin photons, where the signal photon propagates directly from the crystal to the detector while the idler photon 
passes through the MZI. The phase shifter was manually scanned. The length difference at the two arms of the MZI 
was varied by using thin glass plates oriented at different angles. The variation of path length difference, 6, is produced 
by the difference of rotation angles of these glass plates. These plates allow for a wide range of the S parameter, more 
than 100 times A. These allows for setting the value of 6 in a wide interval of values, from zero until 100 times A. To 
avoid fluctuations, the MZI was actively stabilized using a He-Ne laser beam propagating through the interferometer 
in the opposite direction to the idler photons. This beam produces interference fringes at the output, and a fast 
photon detector records the intensity of the fringes. This signal is used as a reference to stabilize the interferometer 
at any specific phase. 

The detector Di is implemented with a bandpass filter and a neutral filter. Both detectors are connected to a 
coincidence detection circuit, where single and coincidence counts are stored, with a coincidence time window of 5 
ns. The calibration of the single-photon birefringent double slit mask was performed using twin photons without the 
MZI in the idler path. This pattern is obtained scanning the transversal position in steps of 100 /im, recording 10 s 
for each measurement. The registered pattern is shown in Fig. [4] A visibility of V = 0.90 ± 0.02 for this pattern is 
obtained. In case of a single double slit, the observed visibility was V = 0.96 ± 0.02. The transverse x direction at 
the detection z plane was scanned in steps of 30 fim. 

The controlled variation of the length difference between the arms of the MZI permits to study how the WPI at 
the measurement basis can be erased by varying the interferometer arms length difference. This study is implemented 
by varying the difference between the rotation angles of the glass plates, in such a way that the £j = n+ 1/4. The 
double slit interference patterns are recorded by scanning the x direction with detector D s . The results of these scans 
are shown in Fig. [5] The blue dots correspond to the experimental data and the red curves are the best theoretical 
fit curves, which are given by Eq. (l28l) . The curves are normalized by the highest value of coincidence counts (in this 
case N cc = 58 counts in 30 s) . We fit the best theoretical curve and we observe the highest value again considering 
the values obtained using the best fit. After this procedure, we normalize the curves using the highest value obtained. 
The phases for this fitted curves are [starting from (a) to (d)] ej = (7 + 1/4) , (11 + 1/4) , (15 + 1/4) , (19 + 1/4) and 
the angles of the glass plate are 9 = 0°, 10°, 16°, 19°. Here, we remark that the measurement in the {P, M} basis with 
£/ = n + j is equivalent to a measurement in the {L, R} basis with ej = n. 

We can see that the experimental results match well with the theoretical predictions. Actually, we can observe 
the transitions between wavelike and particle-like behaviors by controlling the length difference between the arms of 
the interferometer. Namely, the visibility of the double slit interference pattern decreases when this length difference 
increases. 



IV. CONCLUSIONS 

In this article we have both theoretically and experimentally studied the effects of a decoherence mechanism in the 
wave and particle-like behaviors in a double slit quantum erasure photonic setup. In particular, we have studied the 
effect of the decoherence mechanism in the measurement basis which exhibits the wavelike behavior with maximum 
visibility. 

The decoherence mechanism affects the coherence terms of the reduced density operator for both single-photon 
and two-photon states. This mechanism is based on a conditional modification of the polarization of the idler. The 
conditional operation acting on polarization is implemented by means of a MZI, where the length difference between 
the arms of the interferometer add a conditional phase. This allows for going from a coherent to a completely 
incoherent state, in a fully controlled manner. This mechanism is suitable for studies of controlled decoherence in 
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entangled polarization systems of photons. Furthermore, the incorporation of another MZI in the case of two-photon 
states allows a wider control of the degree of coherence, opening new possibilities concerning the controlled study of 
decoherence in optical systems. 

We have observed that, in the implementation of the double slit quantum eraser, the WPI is deleted by properly 
selecting the measurement polarization basis. Besides, we have observed that the visibility of the interference pattern 
in a quantum erasure experiment not only depends on the choice of the measurement basis, but also is a function 
of the purity of the which-path marker state. In our case, even in the region of partial coherence (partially mixed 
density operator), it is possible to find specific values of ej for deleting the which-path- information. 



Aknowledgement 

We thank C.H. Monken for both interesting discussions and for lending us the sanded quarter-wave plates used in 
the double slit. This work was supported by Grants Milenio ICM P06-067-F and FONDECyT N° 1061046 and N° 
1080383. S. Padua acknowledges the support of CNPq, FAPEMIG and National Institute of Science and technology 
in quantum information, Brazil. 



[1] N. Bohr, Naturwissenschaften 16, 245 (1928). 

[2] J.A. Wheeler and W.H. Zurek, Quantum Theory and Measurement (Princeton University Press, Princeton, NJ, 1983). 
[3] W.K. Wootters and W.H. Zurek, Phys. Rev. D 19, 473 (1979). 
[4] M.O. Scully and K. Driihl, Phys. Rev. A 25, 2208 (1982). 

[5] M. Hillery and M.O. Scully, Quantum Optics, Experimental Gravity, and Measurement Theory (Plenum, NY, 1983) p. 65. 

[6] M.O. Scully and H. Walther, Phys. Rev. A 39, 5229 (1989). 

[7] M.O. Scully, B.-G. Englert and H. Walther, Nature (London) 351, 111 (1991). 

[8] P.G. Kwiat, A.M. Steinberg and R.Y. Chiao, Phys. Rev. A 45, 7729 (1992). 

[9] P.G. Kwiat, A.M. Steinberg and R.Y. Chiao, Phys. Rev. A 49, 61 (1994). 
[10] P.D.D. Schwindt, P.G. Kwiat, and Berthold-Georg Englert, Phys. Rev. A 60, 4285 (1999). 
[11] Y.-H. Kim, R. Yu, S.P Kulik, Y. Shih, and M.O. Scully, Phys. Rev. Lett. 84, 1 (2000). 

[12] E. Arthurs and J.L. Kelly, Bell Syst. Tech. J 44, 725 (1965); E. Arthurs and M.S. Goodman, Phys. Rev. Lett. 60, 2447 
(1988). 

[13] G. Bjork, J. Soderholm, A. Trifonov, T. Tsegaye, and A. Karlsson, Phys. Rev. A 60, 1874 (1999); 

[14] A. Trifonov, G. Bjork, J. Soderholm, and T. Tsegaye, Eur. Phys. J. D 18, 251 (2002). 

[15] T.J. Herzog, P.G. Kwiat, H. Weinfurter, and A. Zeilinger, Phys. Rev. Lett. 75, 3034 (1995). 

[16] T. Tsegaye, G. Bjork, M. Atatiire, A.V. Sergienko, B.E.A. Saleh, and M.C. Teich, Phys. Rev. A 62, 032106 (2000). 
[17] G. Scarcelli, Y. Zhou, and Y. Shih, Eur. Phys. J. D 44,167 (2007). 

[18] S.P. Walborn, M.O. Terra Cunha, S. Padua, and C.H. Monken, Phys. Rev. A 65, 033818 (2002). 

[19] M.J. Pysher, E.J. Galvez, K. Misra, K.R. Wilson, B.C. Melius, and M. Malik, Phys. Rev. A 72, 052327 (2005); E. J. 

Galvez, M. Malik, and B. C. Melius Phys. Rev. A 75, 020302(R) (2007). 
[20] A. Gogo, W.D. Snyder, and M. Beck, Phys. Rev. A 71, 052103 (2005). 

[21] M. Nielsen, I. Chuang, Quantum Computation and Quantum Information (Cambridge University Press, Cambridge, UK, 
2000). 

[22] O. Jimenez Faras, C.L. Latune, S.P. Walborn, L. Davidovich, and P.H. Souto Ribeiro, Science 324, 1414 (2009). 

[23] L. Neves, G. Lima, J. Aguirre, FA. Torres-Ruiz, C. Saavedra, A. Delgado, New J. of Physics 11, 073035 (2009). 

[24] P.G. Kwiat, Edo Waks, AG White, I. Appelbaum, and P.H. Eberhard, Phys. Rev. A 60, R773 (1999). 

[25] D.C. Burnham and D.L. Weinberg, Phys. Rev. Lett. 25, 84 (1970). 

[26] T. E. Keller and M. H. Rubin, Phys. Rev. A 56, 1534 (1997). 

[27] C. H. Monken, P. H. Souto Ribeiro and S. Padua, Phys. Rev. A 57, 3123 (1998). 

[28] L. Neves, S. Padua, and C. Saavedra, Phys. Rev. A 69, 042305 (2004). 

[29] L. Neves, G. Lima, J.G Aguirre Gomez, C.H. Monken, C. Saavedra and S. Padua, Phys. Rev. Lett. 94, 100501 (2005). 
[30] FA. Torres-Ruiz, J. Aguirre, A. Delgado, G. Lima, L. Neves, S. Padua, L. Roa, C. Saavedra, Phys. Rev. A 79, 052113 
(2009). 

[31] M.P Almeida, F. de Melo, M. Hor-Meyll, A. Salles, S.P. Walborn, P.H. Souto Ribeiro, L. Davidovich, Science 316, 580 
(2007). 

[32] G. Lima, L. Neves, I.F. Santos, J.G. Aguirre Gomez, C. Saavedra, and S. Padua, Phys. Rev. A 73, 032340 (2006). 
[33] G. Lima, FA. Torres-Ruiz, L. Neves, A. Delgado, C. Saavedra, and S. Padua, J. Phys. B 41, 185501 (2008). 



